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Thick (100-130µm) crystals of -(BEDT-
TTF)2Cu(SCN)2 show maximum of ρ(T) dependence at 
100 K (2.5-2.8 times larger than their resistivity at 298 
K) and reproducible Tc(onset) at 10.4 K. Thin (2-5µm) 
crystals attached to a SiO2 wafer demonstrated profound 
enhancement of peak resistivity near 100 K (up to 3000 
times greater than their room temperature resistivity). 
Further, superconductivity is absent in the thin films. We 
argue that these effects are due to “negative pressure” 
(about -2.5 kbar at 100 K) caused by the large difference 
in the thermal expansion coefficients of SiO2 and -
(BEDT-TTF)2Cu(SCN)2.  
Thin single crystal on Au patterned Si/SiO2 wafer 
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1 Introduction Electronic correlations in reduced di-
mensional systems remains of the most interesting and 
challenging problems in condensed matter physics. Organ-
ic charge transfer salts are one of the most flexible classes 
of materials in which to study these phenomena [1, 2]. 
Perhaps the best characterised family of these materials are 
the -phase salts of BEDT-TTF.  
The prototypical member of this family is -(BEDT-
TTF)2Cu[N(CN)2]Cl. At ambient temperature -(BEDT-
TTF)2Cu[N(CN)2]Cl is an antiferromagnetic Mott insula-
tor. As hydrostatic pressure is applied -(BEDT-
TTF)2Cu[N(CN)2]Cl is driven through the Mott metal-
insulator transition [3] to exhibit a superconducting ground 
state. At higher temperatures the signatures of strong elec-
tronic correlations can be observed even in the normal 
state. For example, a Fermi liquid is observed when the 
superconducting state is destroyed by raising the tempera-
ture. In the Fermi liquid the resistivity is dominated by 
electron-electron scattering and a large effective mass en-
hancement is observed, key indications of electronic corre-
lations [4]. As the temperature is further raised there is a 
crossover to an incoherent metallic state – often referred to 
as a bad metal [5, 6]. This crossover results in a broad peak 
in the electrical resistivity and similar anomalies in a broad 
range of other properties [6,7]. 
Extremely similar properties are seen in other -phase 
salts of BEDT-TTF, such as -(BEDT-
TTF)2Cu[N(CN)2]Br and -(BEDT-TTF)2Cu(SCN)2. Both 
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of these materials are ambient pressure superconductors, 
which display the same Fermi liquid to incoherent crosso-
ver as the temperature is raised. This has led to the pro-
posal of a unified phase diagram [8] where the materials 
are related by a chemical pressure. In this hypothesis the 
ambient pressure results for -(BEDT-
TTF)2Cu[N(CN)2]Br and -(BEDT-TTF)2Cu(SCN)2 are 
taken to be equivalent to the results for -(BEDT-
TTF)2Cu[N(CN)2]Cl under hydrostatic pressure. This pro-
posal is consistent with a large number of experiments and 
gives both a qualitative and quantitative understanding of 
these experiments [9, 10].  
However, there are several potential difficulties with 
the chemical pressure hypothesis. Firstly, there is existence 
of -(BEDT-TTF)2Cu(CN)3. This materials has a spin liq-
uid ground state [11] – a phase that does not appear in the 
phase diagram of -(BEDT-TTF)2Cu[N(CN)2]Cl. Pressure 
also drives a Mott transition in -(BEDT-TTF)2Cu(CN)3. 
However, even in the metallic phase -(BEDT-
TTF)2Cu(CN)3 is markedly different from the other -
phase salts. This clearly demonstrates that the chemical 
pressure does not provide a complete description of the  
family. Secondly, although -(BEDT-TTF)2Cu[N(CN)2]Cl 
and -(BEDT-TTF)2Cu[N(CN)2]Br take isostructural or-
thorhombic phases, -(BEDT-TTF)2Cu(SCN)2 forms 
monoclinic crystals. It has been argued that this will lead to 
important physical differences between these materials, 
particularly in the superconducting phase [12].  
One of the clear predictions of the chemical pressure 
hypothesis is that if a sufficiently large ‘negative pressure’ 
were applied to either -(BEDT-TTF)2Cu[N(CN)2]Br or -
(BEDT-TTF)2Cu(SCN)2 then this would drive a Mott tran-
sition to an insulating state. Remarkably Kawasugi et al. 
[13] appear to have recently achieved this. They attached 
thin crystals of -(BEDT-TTF)2Cu[N(CN)2]Br to a SiO2 
substrate. The smaller coefficient of thermal expansion for 
the substrate prevents the organic charge transfer salt from 
contracting as much as it would in the absence of the sub-
strate – thus providing an effective negative pressure. This 
did appear to drive a Mott transition as it resulted in an in-
sulator, which can be taken as a major success for the 
chemical pressure hypothesis. 
However, -(BEDT-TTF)2Cu(SCN)2  represents a 
more stringent test of this hypothesis because of its differ-
ent crystal structure and because it displays a lower super-
conducting critical temperature, Tc, suggesting that it is 
under a higher ‘chemical pressure’ than -(BEDT-
TTF)2Cu[N(CN)2]Br. We have therefore grown thin crystal 
samples of -(BEDT-TTF)2Cu(SCN)2  and measured their 
conductivity after they were attached to a SiO2 substrate. 
We found significant changes in the electrical resistivity 
relative to large crystals, including the complete suppres-
sion of superconductivity. These results suggest that the 
Mott transition has been driven. Further, these crystals 
seem to be closer to the Mott transition than thin crystals of 
-(BEDT-TTF)2Cu[N(CN)2]Br. This is consistent with the 
presumption of a higher chemical pressure in  -(BEDT-
TTF)2Cu(SCN)2 than -(BEDT-TTF)2Cu[N(CN)2]Br. 
Therefore, our results lend important support to the chemi-
cal pressure hypothesis. 
2 Experimental 
2.1 Synthesis BEDT-TTF was synthesized from CS2 
and Na using combined and optimized procedures [14-16]. 
CuSCN, NH4SCN, KSCN and NBu4SCN electrolytes were 
used as received (Aldrich). 18-crown-6 (Aldrich) was 
purified by recrystallization from acetonitrile and dried 
under vacuum at 30 oC over P2O5. Main solvents 1,1,2-
trichloroethane (TCE) and 1,2-dichlorobenzene (DCB) 
were purified by standard procedures [17]. TCE was 
further passed through a short pad of basic alumina to 
remove acid traces. Absolute ethanol (200-proof from 
Aldrich) was used as received and diluted with deionized 
water to give the required concentrations. 
Electrocrystallizations of the charge transfer salts were 
performed in three-compartment H-shaped 30 ml cells with 
ø1mm Pt wire electrodes at fixed temperature (21 oC). The 
central compartment was used as cathodic. Two anodic 
compartments were separated from cathodic one by glass 
frit filters of medium and low porosities (Fig. 1a). 
Electrocrystallization was commenced with a minimum 
current of 70 nA to prevent vast seeding on the anodes. 
Within a week the current was step-wise increased to 210 
nA. That value kept throughout the rest of crystallization. 
All solid components were dissolved in proper solvents 
under argon atmosphere. The reaction mixtures were 
stirred at room temperature for 1 h in one anodic 
compatrment. The solutions were equally distributed 
between the compartments of the cells, the electrodes were 
put in each compartment and the cells were sealed using 
paraffin film. Excess of BEDT-TTF and the electrolytes 
was used to maintain constant concentrations of the 
reagents. Thus the solutions above with undissolved 
components were kept saturated throughout crystallization. 
Disappearance of undissolved BEDT-TTF crystals served 
as ain indication of experimental completion. While 
crystals grew in both anodic compartments, best quality 
crystals were gathered from ones separated by medium-
porosity glass frits. 
For preparation thick crystals 1, 23 mg of BEDT-TTF, 
25 mg of CuSCN, 34 mg of NH4SCN and 83 mg of 18-
crown-6 were dissolved in a mixture of 28 ml TCE and 
3ml 95% EtOH. Single crystals were obtained as thick 
shiny plates after 2 months. 
Thin crystals 2 were synthesized under slightly 
different procedure. 28 mg of BEDT-TTF, 30 mg of 
CuSCN and 16 mg of Bu4NSCN were dissolved in a 
mixture of 28 ml DCB and 2ml absolute EtOH. Single 
crystals were obtained as thin transparent leaves after 3 
weeks. 
 
2.2 Substrate fabrication To form the testing substrate, 
a 350 nm layer of silicon oxide (SiO2) was thermally 
pss-Header will be provided by the publisher 3 
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grown on a 500 µm thick highly doped (N++/As) Si <100> 
oriented substrates with resistivity of 1x10-3 Ω cm, using a 
dry oxidation furnace. Photolithography was used to form 
the pattern of the top contact. To accomplish this positive 
photoresist (AZ 1518) was spin-coated on the SiO2 to form 
2 µm film, followed by a pre-exposure bake of the 
substrate for 40 seconds before UV exposure - 
photolithography mask was designed using L-edit software 
and printed using photoplotter (Mivatec, Germany). The 
pattern was then developed using AZ726 and rinsed with 
deionized water and dried with nitrogen. Subsequently, 
four parallel bars chromium 5 nm / gold 50 nm were 
deposited using thermal evaporator at a vacuum of 1x10-6 
mbar (Fig. 1b). The substrate was cleaned prior to crystal 
placement by sonication in water/ether/ethanol emulsion to 
remove traces of photoresist and organic contaminators.  
 
 
Figure 1 (a) Photograph of 3-compartment electrocrystallization 
cell. From left to right: first anodic compartment, fine (#4) glass 
frit filter, cathodic compartment, medium porosity (#3) glass frit 
and second anodic compartment. (b) Si/SiO2 wafer patterned by 
parallel gold bars with external terminals and sawn to be 
disassembled for chips. Number of dots on each chip reflects 
spacing between the bars. Each chip has two same 4-bar test 
structures. 
 
2.3 Electrical transport The temperature 
dependencies of the electrical resistance of the single 
crystals were measured by four-probe technique using 
Keithley 6221 DC and AC current source and Keithley 
2182A nanovoltmeter on reverse current ±1 µA in “Delta” 
mode [18]. A cryogen free Janis SHI-950 refrigirator was 
used for cooling samples from RT to 8K. The temperature 
change rate was 1 K/min.  
A crystal 1, 650470130 µm in size, was glued with 
conducting graphite paste to four ø25 µm annealed gold 
wires in the modified Montgomery configuration [19, 20]. 
Measurements were performed along the a*-axis running 
perpendicular to the conducting layers (Fig. 2). Typical 
two-probe resistance was 1 KΩ. Interplane resistivity RT = 
500 Ωcm, RRR value RT/0 = 100 (where 0 is taken from 
extrapolation of linear dependence (T2) to 0 K, cf. Fig. 3 
(inset)) and peak height ratio (PHR) (100K)/(298K) = 
2.7 for crystal 1. However, as is well known there is sam-
ple dependence of PHR and RRR [21, 22]. 
Crystals 2a (8505502 µm) and 2b (15007855 
µm) were placed onto the testing substrate followed by 
wetting the substrate surface by tiny drop of ethanol. While 
drying a crystal was carefully moved to align it across 
evaporated gold bars. When ethanol was evaporated a 
crystal was firmly sticked onto the surface. Typical two-
probe resistance was 1 KΩ. Measurements were performed 
in bc–plane lying parallel to the conducting layers. 
 
 
Figure 2 Image of crystal 1 graphite painted for interplane 
resistivity measurements. One can see growing site (attaching 
point to Pt electrode) on the top left of the crystal. Inset: side 
view (different crystal, gold painted). 
 
3 Results Two types of crystals: thick (1) and thin (2) 
have been grown under slightly different conditions. Both 
types have the same crystal structure corresponds to the 
known compound: -(BEDT-TTF)2Cu(SCN)2 [23]. Crys-
tals 1 were slightly twinned under room temperature. 
Twinning is a known issue in identification of single crys-
tals of charge transfer salts [24, 25]. On the other hand 2 
demonstrated no sign of twinning and structure data ob-
tained were of substantially better quality than 1. 
Four parallel bars should be arranged on the face side 
of a crystal for careful measurement of bc (or ||) - 
resistivity in plane parallel to bc (plane of maximum 
conductivity) [26]. But even this configuration does not 
guarantee obtaining a true value of ρbc for thick crystals 
with large in/out-plane anisotropy ratio as the actual 
(a) 
(b) 
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(b) 
(d) (c) 
(a) 
measured value in this case is a mixture of ρbc and 
interlayer resistivity (a* or ┴) [27]. Nevertheless, the 
reported resistivity anisotropy for this material a*/bc 
varies from 3000 to 7000 but both resistances demonstrate 
almost the same (T) dependence with the same 
coordinates of insulator-metal and metal superconductor 
transitions [28]. Values obtained for interplane resistance 
usually are much more reliable than inplane ones due to 
anisotropy-assisted homogeneous current distribution 
through the sample [29]. 
To measure a* we applied a current via two leads 
attached to the opposite lateral surfaces of the crystal and 
recorded the voltage on the adjacent pair of voltage leads 
(Fig. 2). 
The high temperature (T > 100K) region of the a*(T) 
(for simplicity hereafter (T)) curve demonstrates an acti-
vated behaviour with a narrow gap ∆ = 180-200 K (15-17 
meV) consistent with the incoherent charge transport pre-
dicted by dynamical mean-field theory [5-7]. Below T = 
100 K there is a crossover to coherent charge transport. 
This leads to a pronounced peak decrease in the resistivity, 
which results in a peak in the resistance (Fig. 3). The low 
residue resistance ratios (298K)/0 (typically were 50-
100) and high peak height ratios (100K)/(298K) (2.5-
2.8) imply low level of impurities in the measured samples 
[21].  
 
 
Figure 3 Resistivity graph for single crystal 1 (130 µm thick). 
Inset: Low temperature (T < 35 K) region plotted against T2. 
 
In the inset to Fig. 3 we replot the low temperature (T 
< 35K) region of (T) against T2. This demonstrates good 
linearity down to the onset of superconductivity transition. 
Fitting the data in this region to the Fermi liquid form, 
(T2) = 0 + AT2, yields 0=5 Ω cm, which again indicates 
the low levels of impurities in this sample, and A = 0.05 Ω 
cm K-2 – this large value is consistent with strong electron-
electron scattering being the dominant scattering mecha-
nism at finite temperatures [4]. 
We found that the onset of the transition Tc = 10.4 K is 
fairly well reproducible for the crystals taken from one 
batch within an error ±0.03K. Another indication of the 
quality of the crystals is that the transition width, ∆T = Ton-
set - Toffset, was ~0.5 K for small current densities. 
The results described above are consistent with what is 
already known about this extremely well characterised ma-
terial and are not surprising. Nevertheless, they are im-
portant because they demonstrate that we have successfully 
produced high quality samples of -(BEDT-
TTF)2Cu(SCN)2. This needs to be demonstrated before we 
move onto the results for the thin samples (2) presented be-
low. 
The true value of ρ|| can be measured for thin crystals 
with the thickness less than zeff  L 1(bc /a*)1/ 2 , 
where L is crystal length [27]. If we assume anisotropy ra-
tio as 104 and length of a crystal is 1 mm the thickness 
should be < 3 µm. 
The conductivity measurement technique described 
above appeared to be inaplicable for thin crystals 2 due to 
theirs high fragility. Therefore measurements of crystals 2 
were made after attaching the samples to a Si/SiO2 wafer 
(as described in the experimental section). We stress the 
absence of any glue: crystals 2 were tightly attached to wa-
fer surface by physical forces. Evacuation / refilling by He 
in refrigerator chamber did not lead to crystal detaching 
but did slightly decrease the two-point resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Thin single crystals 2 on Au patterned Si/SiO2 wafer. 
(a) is 2a (2 µm thick), (b) is 2b (5 µm thick), (c) and (d) - other 
crystals 2. Dimensions used for resistivity calculatiuons are 
indicated on (a) and (b). Images (a) and (b) were taken after the 
measurements, (c) and (d) were taken before. Samples (d) and (b) 
were of a similar thickness and showed remarkably similar 
resistance profiles. 
 
Two crystals of different thickness, 2a (2 µm thick) 
and 2b (5 µm thick) (Fig. 4), were measured by this 
technique. The resulting resistance is shown in Fig. 5. The 
inplane resistivities, bc, were 1.3 Ω cm for 2b and 1.8 Ω 
cm for 2a at 298 K. That is 20-25 times more than is typi-
cal for bulk crystals, see above. The most noticeble 
differences between thin crystals 2 and thick ones 1 are the 
pss-Header will be provided by the publisher 5 
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complete supression of the superconductive transition and 
a profound enhancement of peak resistance near 100 K in 
the thin crystals. The peak height ratio (~100K)/(298K) 
for 2a is 1000 times greater than that of 1 (Fig. 5). Further 
the high temperature transport gap is also an order of mag-
nitude larger in the thin samples (∆ = 1200 K for 2a; Fig. 
6). Moreover, a second resistivity peak appeared at lower 
temperatures. In the inset to Fig. 5 we rescale the resistivi-
ty relative to the height of the larger of the two peaks. This 
is suggestive of a common origin for both peaks as the 
decrease in the thickness of the samples leads to increase 
both peak heights but leaves peak-to-peak ratio for one 
sample unchanged. 
 
 
Figure 5 Normalised resistivity graphs for single crystals 2a (2 
µm thick, green grids) and 2b (5 µm thick, blue crosses). Inset: 
the graphs normalised at the main maximum (resistivity for 2a is 
divided by 1.4). 
 
Below the minimums at 60.5 K for 2a and 62.2 K for 
2b subsequent cooling led to sharp growth of resistivity 
(not shown), which exceeded the maximum measurable re-
sistivity at a temperatures only slightly below that of the 
lowest temperature data shown in Fig. 5. It appears that 
this may be due to a large static charge (~10 V) absorbed 
on the crystal/SiO2 interface. This large charge indirectly 
reflects wide-gap dielectric state of the material below 
these temperatures. 
No indications of superconductivity are observed in the 
thin samples.  
 
4 Discussion Our results for the thin crystals of -
(BEDT-TTF)2Cu(SCN)2 are similar to previous results for 
-(BEDT-TTF)2Cu[N(CN)2]Br [13]. In this system thin 
films on Si/SiO2 substrates are found to be insulating. Ka-
wasugi et al. attributed this to a negative pressure induced 
by the substrate, which undergoes significantly less ther-
mal contraction on cooling to cryogenic temperatures than 
the bulk organic crystal.  
A rough estimate of the negative pressure induced by 
the substrate can be made from the previously published 
crystal structures of -(BEDT-TTF)2Cu(SCN)2 at 104 K, 
-(BEDT-TTF)2I3 at 0 and 0.25 GPa and SiO2 at RT and 
100 K [30-32]. This gave ~-2.5 kbar at 100 K for crystals 2 
(-3 kbar came from volume zero contraction of 2, while 
+0.5 kbar is from thermal contraction of SiO2).  
From the opposite side of view applying positive 
hydrostatic pressure of 3 kbar leads to supression of the 
peak and the material becomes metallic from RT down to 
the point of Tc [33]. Applying a larger pressure of 6 kbar 
resulted in supression of superconductivity transition as 
well [34]. It is interesting to note while -(BEDT-
TTF)2Cu[N(CN)2]Br often demonstates resistivity peak 
near 100 K [34, 35], no peak enhancement has been 
observed in thin films of this material [13]. Instead of that 
the (T) curve demonstrated an activated temperature 
dependence on all temperature range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Arrhenius plots and fitting lines for 1 (red crosses) and 
2a (green grids). Activation energies ∆(1) = 180 K (15 meV), 
∆(2a) = 1200 K (100 meV). Sample 2b also showed an activited 
behaviour with a very similar activation energy to sample 2a. 
 
Collectively the above results suggest that the thin -
(BEDT-TTF)2Cu(SCN)2 is rather close to the Mott transi-
tion. The first order line of the Mott transition has a non-
monotonic temperature-pressure dependence – as required 
by the second law of thermodynamics [36]. This leads to a 
re-entrant metal-insulator transition and may be responsi-
ble for the rich behaviour we have observed above. 
There has been extensive interest recently in calculat-
ing the parameters for effective Hamiltonians for organic 
charge transfer salts from first principles [37-42]. Our re-
sults stress the important effects that changes in tempera-
ture can have on the crystal structures of these materials. 
This therefore stresses that it is important to have low tem-
perature crystal structures for use in these studies. 
 
5 Conclusions We have shown that there is a large 
negative pressure effect when thin crystals of -(BEDT-
TTF)2Cu(SCN)2 are attached to SiO2 substrates. This caus-
es the complete suppression of superconductivity in these 
materials and significant changes to the resistivity at higher 
temperatures. These changes are consistent with the nega-
tive pressure driving this material close to the Mott metal 
6 Bardin, Burn, Lo, and Powell: Thin crystals of -(BEDT-TTF)2Cu(SCN)2 
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insulator transition. Therefore they represent significant 
new support for the chemical pressure hypothesis. 
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